Synthetic aperture radar (SAR) concepts based on digital beamforming (DBF) in elevation and multiple receive beams, for example, staggered SAR, allow high-resolution imaging of wide swaths and are, therefore, well-suited for the systematic observation of dynamic processes on the Earth's surface. While these concepts are compatible with quad-polarimetric (quad-pol) operation, due to severe ambiguity constraints, the achievable swath in the quad-pol mode is narrower than in the single-(or dual-) pol mode. Therefore, either the single-(or dual-) pol data over a wider swath or the quad-pol data over a narrower swath can be acquired. This article proposes a novel SAR acquisition mode, based on pulse-to-pulse alternation of the antenna pattern on transmit, which delivers at the same time single-(or dual-) pol data over a wider swath and quadpol data over a narrower swath at the expense of an acceptable degradation of the ambiguity performance. This technique yields remarkable benefits for the design and operation of future SAR systems and represents an effective solution to manage and resolve conflicting user requirements.
I. INTRODUCTION
S YNTHETIC aperture radar (SAR) is a remote sensing technique, capable of providing high-resolution images independent of the weather conditions and sunlight illumination. This makes SAR very attractive for the systematic observation of dynamic processes on the Earth's surface [1] . However, conventional SAR systems are limited, in that a wide swath can only be mapped at the expense of a degraded azimuth resolution, that is, by reducing the pulse repetition frequency (PRF). This limitation can be overcome using systems with multiple receive apertures, displaced in alongtrack, which simultaneously acquire multiple samples for each transmitted pulse [2] - [6] . These systems, however, require a very long antenna to map a wide swath.
If a relatively short antenna with a single aperture in alongtrack is available, an attractive solution to map a wide swath is given by the SAR systems that exploit a wide beam illuminator The authors are with the German Aerospace Center (DLR), Microwaves and Radar Institute, 82234 Weßling, Germany (e-mail: michelangelo.villano@dlr.de).
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Digital Object Identifier 10.1109/TGRS.2019.2953098 on transmit and digital beamforming (DBF) in elevation to form multiple receive beams, which follow the directions of arrival of the radar echoes of multiple transmitted pulses and can, therefore, simultaneously image multiple subswaths [7] , [8] . A drawback of these systems is the presence of "blind ranges" between the multiple imaged subswaths, as the radar cannot receive while it is transmitting. However, if such systems are operated in the staggered SAR mode, that is, if the pulse repetition interval (PRI) is continuously varied and data are sufficiently oversampled in azimuth, it is possible to get rid of blind ranges and map a wide continuous swath [9] - [12] . The staggered SAR concept is currently being considered as the baseline acquisition mode for Tandem-L, a proposal for a polarimetric and interferometric spaceborne SAR mission to monitor dynamic processes on the Earth's surface with unprecedented accuracy and resolution, and as an attractive solution for the NASA-ISRO SAR (NISAR) mission and the future SAR missions of the European Space Agency's Copernicus Program [13] - [16] . SAR systems with DBF in elevation and multiple receive beams can also be operated in quad-polarimetric (quad-pol) mode, for example, using interleaved transmission of alternate horizontally (H) and vertically (V) polarized pulses and simultaneous reception of both H and V polarizations. In particular, four polarimetric channels are defined, that is, HH, VV, HV, and VH, where the first and the second letters indicate the polarizations on receive and on transmit, respectively. HH and VV are also referred to as the co-polarized (co-pol) or likepolarized channels, while HV and VH are also denoted as the cross-polarized (cross-pol) channels.
Quad-pol SAR systems provide additional information that is fundamental for a wide range of applications [17] - [19] . However, given requirements in terms of image quality, namely, the total ambiguity-to-signal ratio (ASR), can only be met for quad-pol SAR operation over a narrower swath than for single-polarimetric (single-pol) or dual-polarimetric (dual-pol) 1 SAR operation, if the same azimuth resolution is to be achieved. To keep the same azimuth ambiguityto-signal ratio (AASR) for each of the four polarimetric channels, in fact, the PRF (or mean PRF for a staggered 1 In this article, we always refer to dual-pol SAR systems using a single-wave polarization on transmit and two orthogonal wave polarizations (e.g., horizontal and vertical) on receive, that is, the receive echoes are simultaneously recorded using two separate channels for the two orthogonal wave polarizations. 0196-2892 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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SAR system) has to be doubled. Moreover, the cross-pol channels, that is, those characterized by a different polarization on transmit and receive, are affected by range ambiguous echoes characterized by the same polarization on transmit and receive and, therefore, by higher backscatters, which results in a significant degradation of the range ambiguity-to-signal ratio (RASR) [20] . Narrowing the swath by excluding far ranges, where the RASR is usually critical, however, allows suppressing some of the range ambiguous echoes by means of the antenna pattern and achieving the desired ambiguity performance. As an example, the Tandem-L instrument allows imaging of a continuous 350-km ground swath in the singleor dual-pol mode or a continuous 175-km ground swath in the quad-pol mode, in all cases with 7-m azimuth resolution [21] , [22] . For a given orbit height and a single satellite, the width of the ground swath defines the repeat orbit cycle of the mission, that is, the achievable observation frequency (revisit time) for global (or almost global) coverage. For the Tandem-L orbit (745 km), a 350-km ground swath corresponds to an 8-day repeat cycle, while a 175-km swath corresponds to a 16-day repeat cycle. Different applications have conflicting requirements in terms of observation frequency and polarimetry, for example, 3-D surveying and tomographic imaging of volume scatterers, such as vegetation, ice, snow, and dry soil agriculture, requires the quad-pol data, while monitoring of terrain deformation calls for more frequent single-pol acquisitions [13] . An observation plan is, therefore, defined to operate the system in different modes during the mission lifetime [23] .
To resolve such conflicts, this article proposes a novel SAR mode, able to acquire at the same time single-(or dual-) pol data over a wider swath and quad-pol data over a narrower swath, namely, a portion of the mentioned wider swath. A peculiar characteristic of this mode is that two distinct antenna patterns on transmit are alternated from pulse to pulse. This method has also been patented [24] .
This article is organized as follows. Section II describes the novel acquisition mode and the different implementation options. In Section III, the evaluation of the RASR is addressed and a design example based on a reflector system is presented, while a discussion is provided in Section IV.
II. CONCEPT AND IMPLEMENTATION OPTIONS
The novel acquisition mode for simultaneous single-(or dual-) and quad-pol SAR imaging over swaths of different widths is sketched in Fig. 1 . As in a conventional quad-pol SAR with multiple elevation beams, the radar is operated with interleaved transmission of alternate H-and V-polarized pulses. However, while in conventional quad-pol SAR with multiple elevation beams, the same antenna pattern on transmit is used for all transmitted pulses, independently of the polarization of the transmitted pulse, this novel acquisition mode requires that two distinct antenna patterns on transmit are alternated from pulse to pulse, which illuminate a wider and a narrower swath, respectively, where the narrower swath is a portion of the wider one. As the polarization on transmit is alternated from pulse to pulse as well, all H-polarized pulses will be transmitted using the same antenna pattern, for example, either the one that illuminates the wider swath, as depicted in Fig. 1 , or the one that illuminates the narrower swath, while the other antenna pattern will be used to transmit all V-polarized pulses. On receive, the same narrow beams, which follow the directions of arrival of the radar echoes of multiple transmitted pulses and allow simultaneous imaging of multiple subswaths, can be used for both polarizations.
This mode allows acquiring data for only one co-pol channel, that is, either HH or VV, over the wider swath. Depending on whether the HH or VV data are desired over the wider swath, the H-or the V-polarized pulses will have to be transmitted using the antenna pattern that illuminates the wider swath.
Two different implementation options are foreseen, namely, 1) Simultaneous single-and quad-pol acquisitions; 2) Simultaneous dual-and quad-pol acquisitions.
Let us first consider the case of simultaneous single-and quad-pol acquisitions and let us assume that HH is the polarimetric channel for which data are desired over the wider swath, while data for all four polarimetric channels are obtained over the narrower swath. Fig. 2 schematically shows for two consecutive transmitted pulses, that is, one H-polarized pulse and one V-polarized pulse, the transmit beams and the lengths of the receive windows for the different polarizations used on receive. In particular, the echoes of the H-polarized transmitted pulses are received over the wider swath using the H-polarized receive channel and over the narrower swath using the V-polarized receive channel, while the V-polarized transmitted pulses are received over the narrower swath using both H-and V-polarized receive channels. This repeats for the whole duration of the acquisition. It goes without saying that a similar scheme can be obtained, if the data for the VV polarimetric channel are desired over the wider swath by simply exchanging H and V in Fig. 2 . Simultaneous dual-and quad-pol acquisitions over two swaths of different widths: polarizations and beams adopted for the transmitted pulses, polarizations and lengths of the receive windows, and polarimetric channels.
Let us then consider the case of simultaneous dual-and quad-pol acquisitions. In this case, data for either the polarimetric channels HH and VH or VV and HV can be obtained over the wider swath, while data for all four polarimetric channels are obtained over the narrower swath. It is not possible to obtain combinations of polarimetric channels, for example, HH and VV, other than the two listed above. Fig. 3 shows for two consecutive transmitted pulses, that is, one H-polarized pulse and one V-polarized pulse, and assuming that data for the HH and VH polarimetric channels are desired over the wider swath, the beams on transmit and the lengths of the receive windows for the different polarizations used on receive. In particular, the echoes of the H-polarized transmitted pulses are received over the wider swath using both H-and V-polarized receive channels, while the V-polarized transmitted pulses are received over the narrower swath using both H-and V-polarized receive channels. These patterns then repeat for the whole duration of the acquisition. It goes without saying that a similar scheme can be obtained, if data for the VV and HV polarimetric channels are desired over the wider swath by simply exchanging H and V in Fig. 3 .
In the sketches of Figs. 2 and 3, the received echoes are represented as continuous. However, as in SAR systems with DBF and multiple elevation beams, the echo duration is much longer than the PRI, and there will be missing samples, while the radar is transmitting. If the system is operated with constant PRI, the missing samples will be located at the same ranges for all received echoes and will result in the presence of stripes along the azimuth direction in the focused image. These stripes can be shifted to different ranges in a successive acquisition using a different PRF. If the system is operated in the staggered SAR mode, that is, if the PRI is continuously varied, the PRI sequence needs to be designed to avoid two consecutive missing samples in azimuth in quadpol operation over the wider swath and the missing samples will be located at different ranges for the different received echoes and recovered through interpolation of the neighboring azimuth samples [9] - [12] .
To coherently combine the data corresponding to the different polarimetric channels, the relative gains and phases between the polarimetric channels need to be determined through a calibration procedure.
III. PERFORMANCE EVALUATION

A. RASR
The peculiarity of the novel proposed acquisition mode, namely, the pulse-to-pulse alternation of the antenna pattern on transmit, has to be carefully accounted for when evaluating the RASR of the different polarimetric channels by properly generalizing the formulas of the RASR for quad-pol SAR systems. A comprehensive review of the ambiguity theory for the quad-pol SAR systems is provided in [20] .
Having defined for each polarimetric channel q, q ∈ {HH, VH, HV, VV}, the "complementary" polarimetric channel p as p ∈ {HV, VV, HH, VH}, two distinct formulas have to be used to evaluate the RASR of the four polarimetric channels, namely, RASR q W for the channels for which the antenna pattern that illuminates the wider swath has been used, for example, HH and VH, if the H-polarized pulses have been transmitted using the antenna pattern that illuminates the wider swath, and RASR q N for the channels for which the antenna pattern that illuminates the narrower swath has been used, for example, VV and HV, if the V-polarized pulses have been transmitted using the antenna pattern that illuminates the narrower swath. RASR q W and RASR q N are given in (1) and (2), respectively, as shown at the bottom of the next page.
In (1) and (2), σ 0 p (η) is the backscatter of the polarimetric channel q as a function of the incidence angle η, P W and P N are the radiated powers for the wide and the narrow transmit beam, respectively, G W (θ, f ) and G N (θ, f ) are the products of the 2-D antenna power gains on transmit for the wider and narrower beams G T W (θ, f ) and G T N (θ, f ) , respectively, and the antenna power gain on receive G R (θ, f ) as a function of the look angle θ and the Doppler (or azimuth) frequency f
Q( f ) is the amplitude weighting of the Doppler spectrum applied in the processing, B p is the processed Doppler bandwidth, and R is the slant range. The subscript main refers to the desired return, while the subscripts odd n and even n refer to the N A odd and N A even odd and even range ambiguities, respectively. The denominators in the first line of (1) and (2) refer to the useful signal contribution, while the two terms between square brackets in the second and third lines of (1) and (2) refer to the contributions of the odd and even range ambiguities, respectively. It can be noticed that the odd range ambiguities are to be accounted for using the backscatter of the complementary polarimetric channel, for example, HH for the HV channel, and therefore represents a significant contribution to the RASR of the cross-pol channels, where the complementary polarimetric channel is a co-pol channel. It can be further observed that in the expression of RASR q W , P W G W (θ, f ) is used for useful signal contribution and for the contributions of the even range ambiguities, while P N G N (θ, f ) is used for the contributions of the odd range ambiguities. Vice versa, in the expression of RASR q N , P N G N (θ, f ) is used for useful signal contribution and for the contributions of the even range ambiguities, while P W G W (θ, f ) is used for the contributions of the odd range ambiguities. As anticipated, (1) and (2) are the generalizations of the formula for the conventional quadpol case, where P W = P N , G T W (θ, f ) = G T N (θ, f ), and the radiated power is not required to evaluate the RASR, as the same power is radiated for each transmitted pulse.
Moreover, depending on the swath width over which the polarization channel is available, RASR q W or RASR q N has to be evaluated over the wider or the narrower swath.
The RASR formulas have to be modified in a similar way for a quad-pol staggered SAR system, where it holds RASR q W and RASR q N in (4) and (5) , as shown at the bottom of the next page, respectively, where M is the number of distinct PRIs and PRF mean is the mean PRF on transmit [11] , [12] , [20] .
The proposed operation mode for simultaneous single-(or dual-) and quad-pol SAR acquisitions is also compatible with the use of azimuth phase coding and/or merging of the crosspol channels, as described in [20] . The resulting RASR can be evaluated by generalizing the formulas in [20] in an analogous way as above.
As for the implementation, architectures based on either an array-fed reflector or a planar phased-array antenna can be considered, where in the latter case wide transmit beams can also be obtained using phase-only tapering [25] . However, as a consequence of the RASR formulas above, to achieve approximately the same noise equivalent sigma zero (NESZ) for all polarimetric channels and similar RASR levels for the two cross-pol channels, the product of the radiated power and the power gain on transmit over the illuminated swath is required to be very similar for the two adopted transmit beams, that is
This condition is easier to satisfy for an array-fed reflector rather than for a planar phased-array antenna. In the former case, in fact, the narrower transmit beam is obtained by activating a subset of the available feeds. This leads to a lower transmit power of the narrower beam (P N < P W ), which compensates for its higher gain
B. Design Example
In the following, the ambiguity performance of the proposed mode for simultaneous single-(or dual-) and quad-pol SAR acquisitions is evaluated for the reflector-based instrument of Tandem-L, whose relevant parameters are provided in Table 1 [21] , while Fig. 4 displays the antenna power gains on transmit as a function of the elevation angle for both the wider and the narrower swaths, as well as the power gain as a function of the elevation angle for some of the narrow receive beams [21] , [22] . It has to be stressed that the considered instrument has not been designed to be operated in the novel proposed mode. Fig. 5(a) and (b) shows the ambiguity performance, that is, the AASR, the RASR, and the ASR, for the single-and dual-pol mode and for the quad-pol mode, respectively, to be considered as a reference. The ambiguity performance in the single-and dual-pol mode is outstanding, as the instrument design is in this case driven by the performance requirements in the quad-pol mode, where the ASR is better than −24 dB for the co-pol channels and better than −22 dB for the crosspol channels. Fig. 5(c) shows instead the ambiguity performance for the novel proposed mode, which would simultaneously deliver the single-or dual-pol data over a 350-km ground swath and the quad-pol data over a 175-km ground swath. In case of simultaneous single-and quad-pol acquisitions, the ASR for the single-pol data over the wider swath is better than −24 dB, while the ASR for the cross-pol channels, that is, HV and VH, over the narrower swath is better than −19 and −22 dB, respectively. In case of simultaneous dual-and quadpol acquisitions, that is, if the echo of the VH channel is recorded over the wider swath (red dashed line), the ASR of the VH channel over the rest of the swath is better than −18.5 dB.
Although the ASR levels worse than −20 dB might seem unacceptable, one should consider that as a consequence of the staggered SAR operation, as pointed out in [11] , [12] , and [20] , both range and azimuth ambiguities appear in the image as noise-like disturbance and are much less likely to affect the retrieval of information from the SAR data. Moreover, the system could achieve better ambiguity performance using advanced beamforming techniques [27] .
This design example shows that good ambiguity performance is achieved even for a system like Tandem-L, which was not designed to be operated in this mode. Optimizing the system for this specific mode would lead to even better performance.
IV. DISCUSSION
This article introduces a novel SAR concept based on DBF and multiple elevation beams that allows for simultaneous single-(or dual-) and quad-pol acquisitions over swaths of different widths. After describing the different implementation options, the evaluation of the RASR is addressed, for which formulas which account for the peculiarity of the concept are derived. A design example based on the reflector-based instrument of Tandem-L shows an acceptable degradation of the ambiguity performance, although the system has not been conceived and optimized to be operated in the novel proposed mode.
The proposed mode for simultaneous single-/dual-and quad-pol SAR imaging bears great potential for the design and operation of future SAR missions, where it is wellsuited to resolve conflicts among different user groups with different acquisition needs. For illustration, one may consider the contradicting requirements for the deformation mode and the 3-D structure mode in Tandem-L [13] . On one hand, the deformation mode asks for wide-swath acquisitions from every ascending and descending orbit to provide 3-D vector deformation measurements with unprecedented accuracy by minimizing the errors from temporal decorrelation as well as tropospheric and ionospheric disturbances [28] . On the other hand, the 3-D structure mode needs less frequent acquisitions, but asks instead for full polarization to resolve and discriminate different scattering mechanisms in vegetated areas and to improve biomass estimates [29] . As the regions to be acquired in the deformation and 3-D structure mode are characterized by a substantial degree of mutual overlap, the current observation concept had to find a compromise among the different user requests, accepting a somewhat reduced quality of the higher level products [30] . Such a performance loss can be avoided with the novel proposed SAR mode with only a minor increase in the SAR system complexity.
It should be evident that the novel technique for simultaneous single-/dual-and quad-pol SAR imaging introduced in this article also bears great potential for the design and operation of several other future SAR systems and missions like the next generation of Sentinel-1, where it represents an effective solution to acquire fully polarimetric SAR images without disturbing the request for frequent wide-swath monitoring in regular time intervals. This article can, therefore, be regarded as an important step toward the development of a new generation of hybrid SAR systems, which have the capability to acquire SAR data in multiple imaging modes and resolutions within one and the same data take, thereby maximizing the information that can be gained for different Earth observation applications under the constraint of a limited power and downlink budget [31] . 
